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 Transitions in Ta matches with lithiation-induced phase transitions in graphitic carbon.
 At all rates of charging, Ta also exhibits a unique maximum at 61% SoC.
 Surface temperature is a poor indicator of internal temperature.
 Ta is a reliable parameter for adaptive charging to safely reduce charging time.a r t i c l e i n f o
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Surface temperature measurement of lithium-ion cells provides a limited view of internal physical
processes during charging. Using a recently developed non-invasive battery internal temperature sensor,
we now demonstrate that anode temperature reﬂects physically-based dynamics at the anode that were
previously obscured by cell-surface measurements. First, using automated segmentation with a
maximum-likelihood piecewise-linear statistical model, we show that features in the anode temperature
reproducibly coincide with phase transitions into Stages IVd, IV and I of graphitic carbon lithiation at
various charging rates. Second, we show that anode temperature peaks around 61% state of charge,
intermediate between Stages II and I of the lithiated graphitic carbon. Third, we demonstrate a sharp and
sustained increase in anode temperature at variable state of charge above 85%. These ﬁndings open the
possibility for improved state-of-charge estimation and adaptive charging proﬁles that safely reduce
charging time.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Rechargeable lithium-ion (Li-ion) batteries were ﬁrst intro-
duced to the consumer market in 1991 [1e3]. Over the intervening
two decades, charging has remained one of the riskier steps in Li-
ion battery usage due to the possibility of thermal runaway, that
can lead to battery ﬁres [4]. Slow charging rates can guard against
thermal runaway. For batteries in electrical utility systems and
electric vehicles, slow charging rates and risk of thermal runaway
[5] present major barriers to widespread adoption of Li-ion battery
technology. An added challenge is that batteries with higher energy
density require slower charging rates to avoid thermal runaway oru (R. Srinivasan).
r B.V. This is an open access articleother irreversible damage. [6e15].
Anode temperature is fundamental to battery safety because
thermal runaway starts with temperature-dependent chemical
processes at the anode [11]. During charging, the temperature of
the graphitic carbon anode increases. At 80 C, graphite reacts
exothermally with commonly used cell electrolytes [16e19], irre-
versibly modifying the anode properties [11]. Such exothermic re-
actions at the anode generate heat that increases the cell's global
internal temperature, including the anode, cathode and electrolyte.
This global temperature rise initiates other cascading exothermic
reactions, including electrolyte decomposition above 120 C and
cathode decomposition above 250 C [20]. Uncontrolled rises in
global temperature above 120 C result in venting, combustion, and
explosion. The primary safeguard against thermal runaway during
charging is to maintain the anode temperature well below 80 C.
The physical basis for anode temperature changes duringunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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of graphite at the anode. The graphitic carbon anode acts as the host
for lithium to form lithium-intercalated carbon (LiCx) in a process
called lithiation. Penetration of lithium into the anode increases the
van der Waals distance between adjacent graphite layers. During
charging, LiCx proceeds in ﬁxed order through four discernible
lithiation phases (Stages), beginning with IV and ending with I
[21e23]. Each Stage is deﬁned by a characteristic periodicity be-
tween Li-occupied and unoccupied graphite layers. As lithiation
proceeds from 0% to 100% state of charge (SoC), the LiCx stoichi-
ometry is initially undeﬁned, i.e., dilute Stage IVd at 10% SoC.24 At
20% SoC, the ﬁrst distinguishable phase (IV) is structured with
every fourth layer occupied, resulting in an approximate stoichi-
ometry of LiC30. Next in order are Stage III (34% SoC; every third
layer occupied; LiC18), Stage II (50% SoC; every other layer occupied;
LiC12) and Stage I (100% SoC; every layer occupied; LiC6) [22].
Transitions between these Stages of lithiation are accompanied
by thermal energy changes at the anode. One contributory factor to
the thermal energy is a decrease in entropy associated with
restructuring of lithium and carbon at the anode [25,26]. Another
source of thermal energy is resistive heating, caused when lithium
passes from the electrolyte into the anode [27]. A third source of
thermal energy is a change in the stacking, which deﬁnes the
relative positions of the graphite layers [28,29]. Each of these
sources contributes thermal energy to a variable extent as a func-
tion of SoC.
The relationship between thermal energy and structural
changes has almost always been established in half cells containing
a graphite anode and a lithium foil auxiliary electrode [25,26]. Until
now, the capability of existing techniques has precluded re-
searchers from demonstrating this association between tempera-
ture and structure in full, dynamically charging Li-ion cells. Instead,
structure-related thermal energy release has been typically infer-
red through steady-state electrochemical potential measurements
on graphite-only half-cells, together with the Nernst equation
[21e26]. In functional Li-ion cells, physically co-located cell-inter-
nal temperature measurements of the anode would be confounded
by proximity of possible sensor locations to thermal energy sources
from the cathode and the electrolyte. Cell-surface temperatures,
measured from thermocouples or thermal imaging, are also
confounded by non-anode sources of thermal energy, and addi-
tionally inﬂuenced by thermal inertia of the cell and thermal noise
from the surrounding environment.
Recently, we developed a non-invasive battery-internal-tem-
perature sensor (NIBITS) technology to directly measure anode
temperature (Ta) [30e32]. This method builds on the previously
established correlation between anode electrical impedance and
temperature [33,34]. The NIBITS technology includes a calibration
curve relating phase shift (f) at any single frequency in the
40 Hze100 Hz range to the anode temperature. For the cell used in
this paper, the corresponding calibration curve and the empirical
equation that relates f to Ta are provided in Fig. 1. Unlike cell-
surface temperature (Ts) measurements that can be distorted by
the environmental thermal noise and the cell's thermal inertia, the
Ta measured by the NIBITS approach is free from those inﬂuences
over a wide range of charging rates.
In this paper, we apply NIBITS to provide the ﬁrst dynamic
characterization of anode temperature during charging as it relates
to the various Stages of lithiated graphite and the corresponding
SoC. First, we show that reproducible features in the anode tem-
perature coincide with lithium-intercalated graphite phase transi-
tions into Stages IVd (7.8e10.0% SoC), Stage IV (16.7e23.2% SoC)
and Stage I (80e90% SoC) for charging at less than 1C rate. Second,
we show that anode temperature reliably peaks around 61% SoC,
regardless of charging rate. Third, we demonstrate a sharp andsustained increase in anode temperature at variable SoC above 85%,
as lithiated graphite is converted to Stage I. We discuss these
ﬁndings in the context of future strategies to decrease charging
time while maintaining safety through dynamic, closed-loop cur-
rent control.
2. Experimental section
2.1. Li-cells and charging proﬁle
Five Swing 5300 Li-ion cells (manufacturer: Boston Power,
Boston, MA, USA), at different stages of their cycle life between 5
and 75 chargeedischarge cycles were used in the study. Each cycle
corresponded to 70%e99% depth of discharge. Each cell consisted of
graphitic carbon anode and lithium manganese dioxide cathode.
The cell's nameplate capacity was 5.3-Ah. However, the actual ca-
pacity of a new cell cycled less than 10 times was close to 5.5-Ah,
and a cell cycled up to 75 times was 5.43-Ah.
We use the conventional battery terminology to describe
charging rate. The rate of charge is deﬁned as charging current
divided by the theoretical current required to charge the cell in one
hour, and it is expressed in terms of C rate (hour1). For example, a
0.5C charging rate (h1) would charge a battery to half its capacity
in one hour.
Each Swing 5300 cell was ﬁrst discharged at 0.5C-rate to 2.7 V.
After 4 h of rest, the cell depolarized, and cell voltage relaxed to
3.1 V. It was discharged again at C/50 rate to 2.7 V, and then set to
rest for 12 h before recharging. At the start of recharging, the cell
voltage (Ecv) was between 2.7 and 2.8 V. Charging was taken to
completion through the “Constant CurrenteConstant Voltage”
(CCeCV) protocol, and the charge capacity obtained at the end of
charging was used in calculating SoC shown in all the ﬁgures.
Anode temperature (Ta) was measured only during the CC-part of
the charging protocol. The CC-part of the protocol ended when Ecv
reached 4.2 V. Lower C-rates took longer time to reach 4.2 V;
nevertheless, achieved higher percent of SoC. The time to charge a
Li-ion battery from 0% to 100% SoC depended upon the C-rate in the
CC-part of the charging protocol: 255 min at 0.25C-rate, 115 min at
0.7-C rate, 85 min at 1C-rate, and 48 min at 2C-rate.
2.2. Measurement of anode temperature using impedance phase
angle
Fig. 1(A) provides a schematic of our phase shift measurement
apparatus. First, impedance phase angle is measured as the phase
shift at a ﬁxed frequency between a small-amplitude alternating
current signal applied at the positive and negative terminals of a Li-
ion cell and the resulting alternating voltage measured across the
same terminals. Next, anode temperature (Ta) is estimated using an
empirical relationship between phase shift (f) and Ta at a ﬁxed
frequency, speciﬁc to the Swing 5300 cell, and documented in
Fig. 1(B). In our experiment, the ﬁxed frequency was set at 69.95 Hz
to avoid interference with 60 Hz line noise and harmonics, and
phase shift was averaged over 210 cycles.
The use of another cell would require calibration against data
speciﬁc to that cell, with experiments to conﬁrm stability of the f
vs. Ta relationship over multiple chargeedischarge cycles. In our
setup, no sensor is inserted into the cell. More generally, the applied
current can be chosen from a frequency ranging from 40 to 200 Hz
to measure Ta. Similarly, a 5e20 Hz range of input current can be
used to measure cathode temperature (Tc) [30e32]. The estimated
anode or cathode temperatures based on phase shift can be
measured dynamically, while the cell is being charged, discharged
or at rest.
In this work, the applied current is a 50-mA rms sinusoidal
Fig. 1. (A) Schematic of the experimental setup. A voltage signal generator (SI 1250) together with an operational transconductance ampliﬁer (SI 1287) applies a low-amplitude ac
current across the cell terminals (Swing 5300). The phase detector (SI 1250) measures the phase shift between the applied current and the resulting voltage across the cell ter-
minals. (B) This phase shift, f is converted to anode temperature, Ta through an empirically derived relationship speciﬁc to our cell: f ¼ 12.7907 (exp(Ta/15.93587 C))
degrees  0.40734 degrees.
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Response Analyzer, SI 1250), controlled using the Electrochemical
Interface (SI 1287) as an operational transconductance ampliﬁer
(OTA). Phase shifts between applied current and measured voltage
at the cell terminal are measured using the Frequency Response
Analyzer (SI 1250). Both products are distributed by Solartron
Analytical.
2.3. Surface temperature measurements
All experiments were conducted at room temperature (23 C)
with no forced cooling or heating of the cell. Surface temperature,
Ts, was measured once per second using a K-type thermocouple.
The thermocouple was mounted at the middle of the broadside of
the cell. Thermal contact between the thermocouple and the cell
surface was established with a small amount of heat-conducting
paste, and it was secured in place with the help of Kapton® tape.
Temperature waveforms were post-processed as follows. Both
surface and anode temperature data points shown in all the ﬁgures
were calculated from a 13-point moving average of the original
experimental temperature measurements. Alternative 7 and 21-
point moving averages also produced consistent results. The dTa/
dSoC values shown in Fig. 3(B) and (C) and the dTs/dSoC values in
Fig. 3(E) and (F) are derived from the ﬁrst-difference of data in
Fig. 3(A) and (D), followed by application of a 13-point moving-
average. Each graph in Fig. 3(B) was subject to a baseline offset
by subtracting the average of its (dTa/dSoC) data in the 35%e40%
SoC range.
2.4. Piecewise linear model of dTa/dSoC as a function of SoC
This is a critical step towards enabling anode temperature
sensor as a tool for unsupervised identiﬁcation of state of charge. In
Fig. 3(B), at each charging rate, for the entire data between 4% and
40%, a two-transition-point piecewise-linear model relating SoC to
dTa/dSoC was ﬁt using an iterative procedure to minimize squared
error in predicted versus actual dTa/dSoC. The ﬁt was repeated
separately for the interval between 70% and (up to) 92% SoC data in
Fig. 3(C). Used previously in other data modeling problems [35],
this procedure is equivalent to maximum-likelihood parameter
estimation with a piecewise linear-Gaussian model.
Each piecewise-linear model contained parametersrepresenting two transition points (p1 and p2) between three linear
regions deﬁned by slope and intercept parameters (a1, a2, a3, b1, b2,
b3) constrained by continuity at the transition points:
dTa
dSoC
¼
8>>>><
>>>>:
a1ðp1  SoCÞ þ a3ðSoC  b1Þ
p1  b1
SoC  p1
a3ðb2  SoCÞ þ a2ðSoC  p1Þ
b2  p1
p1  SoC  p2

a3ðb2  p2Þ þ a2ðp2  p1Þ
b2  p1

SoC  b3
p2  b3
SoC  p2
9>>>>=
>>>>;
(1)
Because labeled training data were not used to deﬁne transition
points, determination of the transition points was unsupervised.
Model ﬁtting was implemented using built-in functions in Origin-
Lab® 8.1.
The maximum in the anode temperature was determined as the
zero-crossing of dTa/dSoC. The piecewise linear model was not used
in identifying this maximum.3. Results
3.1. Correlation between Ta and stage transitions
Figs. 2 and 3 illustrate the correlations between Ta and the
transitions among Stages during charging of ﬁve different 5.3-Ah
Boston Power Swing 5300 cells. In these data, the SoC reﬂects the
percent of lithiation.
Fig. 2 shows one set of Ta and Ts data collected at 0.25C charging
rate. The percent states of charge at which ﬁve stages occur are
indicated with hash-marks on the x-axis: Stage IVd at 10%; of Stage
IV (LiC30) at 20%; of Stage III (LiC18) at 34%; Stage II (LiC12) at 50%;
and Stage I (LiC6) at 100%. Each Stage between IV and I corresponds
to a phase that speciﬁes the organization of lithium-ﬁlled and
lithium-unﬁlled graphite layers [22], depicted above the hash
marks. In Stage IVd, lithium is distributed randomly between the
layers.
In order to quantitatively evaluate whether anode temperature
data reﬂected consistent phase transitions, we computed various
continuous piecewise-linear statistical models using maximum-
likelihood estimation to automatically determine best transition
Stage IIStage IIIStage IVS
ta
ge
 IV
d
Stage I
Fig. 2. Anode temperature, Ta, (purple solid line) and cell outer surface temperature,
Ts, (green solid line) as a function of SoC, recorded during constant current charging of
a cell at 0.25C rate. Known stages of lithiation at the anode [22] are indicated at their
corresponding states of charge. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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describe rate of change of Ta (dTa/dSoC) as a function of SoC. Model
estimates are indicated by black lines for dTa/dSoC versus SoC
collected within 0.25C and 1C charging rates. At rates higher than
1C, dTa/dSoC changes continuously with SoC, and the piecewise-
linear model did not identify different segments. These results
are presented in Fig. 3(B) for the SoC in the 4%e45% range and in
Fig. 3(C) for the SoC in the 45%e92% range. The red-, green- and
blue-shaded areas in the ﬁgures, represent 100% non-parametric
(empirical) conﬁdence intervals on the transitions clustered
around 8.98% SoC, 20.28% SoC and 85% SoC, respectively. The ﬁrst
two clusters (red and green shades) match closely with Stage IVd
and Stage IV transitions, occurring respectively at 10% and 20% SoC.
The sharp increase in dTa/dSoC, centered at 85% SoC (blue shade),
corresponds to phase transition towards Stage I. At any rate of
charging, the piecewise-linear model did not identify transitions in
dTa/dSoC matching Stage III (at 34% SoC) and Stage II (at 50% SoC).
In contrast to anode temperature, the surface temperature re-
ﬂects some of these phase transitions at the slowest rate of charge
(Fig. 2) but not for faster rates of charge (Fig. 3(D)e(F)). At 0.25C
rate of charge (Fig. 2), the surface temperature rose sharply during
the initial stages of lithiation, showed a step change around 20%
SoC (Stage IV), a maximum around 60% SoC, and a sharp increase
around 95% SoC. However, these changes were not systematically
manifest in Ts and dTs/dSoC versus SoC across various rates of
charge ranging from 0.25C to 1.87C (Fig. 3(D)e(F)). Using the same
piecewise-linear statistical model applied to anode temperature,
we attempted to recapitulate automated detection of phase tran-
sitions on the (surface temperature) dTs/dSoC versus SoC data. Only
one transition was identiﬁed, centered at 25.7% SoC (dark gray
shade), where no known transitions in the structure of lithiated
graphite exists. Additionally, the intermediate maximum temper-
ature evident in the anode temperature segmentation was only
manifest in surface temperature at the slowest charging rate. A
comparison of the T vs. SoC and dT/dSoC vs. SoC traces suggests that
both thermal inertia and substantial differences in noise between
the anode and surface measurements contribute to the relative
insensitivity of surface temperature to phase transitions.
3.2. Ta as a safety parameter for fast charging
One remarkable feature that stands out in Fig. 3(A) is themaximum (Tamax) in the anode temperature, occurring around 61%
SoC at all rates of charging (in the 0.25Ce1.87C range) and the cycle
life of the cell (5e75 cycles). The slopes of the data in Fig. 3(A),
expressed as dTa/dSoC in Fig. 3(C), show the Tamax as a transition in
the slope from positive to negative. The area highlighted in purple
in Fig. 3(C), represents the 100% conﬁdence-bound of the transition
that is clustered around 61% SoC. This shaded region representing
the 61% SoC not identiﬁed by the piecewise-linear statistical model,
but visually where the sign of the dTa/dSoC slope transitioned from
positive to negative. Unlike the occurrence of Tamax in the anode
temperature, at charge rates >0.5C, the surface temperature, Ts
does not show distinct maximums (Fig. 3(D) and (F)). Ts increases
with SoC, and either maintains a high value or continues to increase
with charging. Unlike Ta, Ts also changesmore slowlywith SoC at all
charging rates, indicating faster heat generation at the anode than
inferred by the temperature at the surface.
In general, the rate change in Ta with SoC is positive, becoming
more rapid with increase in charging rate, but only up until 61%
SoC. The unique maximum for Ta is a good predictor of the charging
rate at which an anode might reach the 80 C limit [11], where it
could become thermally unstable. The maxima in the anode tem-
peratures at different charging rates were grouped together in the
form of Tamax vs. C-Rate graph (Fig. 4). For comparison purposes, the
ﬁgure also shows the concurrently collected Tsmax versus C-Rate
data, where Tsmax is the maximum in the surface temperature. Note
that Tamax rises slowly below 1C rate, accelerates above 1C rate, and
exceeds 60 C at 1.87C rate. In contrast to Tamax, Tsmax increases lin-
early with charging rate, reaching only 40 C even at the 2C rate.
Tsmax remains consistently below Tamax across the 0.25Ce2.1C range,
the difference between themwidening by more than 20 C toward
the higher end of the charging rate. These data and our earlier
observation (Fig. 11 in Ref. [30]) demonstrate latency between the
onset of Tsmax and Tamax, the former always in the lag.
4. Discussion
The transitions in Ta can be correlated to the heat generation
that coincides with lithiation. Heat is released during lithiation by
two different phenomena, entropy changes (DSa) associated with
the restructuring of lithium and carbon at the anode to form LiCx,
and resistive heating (Ra) due to the ﬂow of lithium across the
anode/electrolyte interface. Both DSa and Ra are not uniform across
0%e100% SoC, therefore the heat release varies widely across the
range of SoC. Noticeable step changes in DSa and Ra occur at the
Stage transition at 10%, 50% and past 90% SoC [25e27]. DSa and Ra
are both largest between 0% and 10% SoC, i.e., through the
completion of Stage IVd, and they remain small and nearly constant
between 20% and 50% SoC (Stage IV to Stage II). Ra decreases
continuously between 50% and 100% SoC (past the completion of
Stage II) [27]. DSa is negligible between 50% and 90% SoC, however,
increases sharply above 90% [25,26]. Wherever a rapid release of
heat occurs, through the ﬁrst 10% of lithiation, between 10% and
20% lithiation, and past 85% lithiation, they are easily discernable in
the anode temperature data in Fig. 3(B) and (C). The resulting
changes in dTa/dSoC are sharp and our unsupervised piecewise-
linear model unambiguously identiﬁes the phase transitions at
Stages IVd, IV and I.
Analogous to the Stage transition points, the observation of the
maximum, Tamax in the anode temperature coincides with changes
in the stacking of layers in graphite. Quantum mechanical calcu-
lations have shown that lithiation causes the stacking in graphite
lattice to transition from AB to AA [29]. In its native or non-lithiated
state, the layers or basal planes in graphite are staggered (AB) such
that the rotation axis of every six-member carbonecarbon ring in
each layer is not aligned with the rings in the layers above and
AB
C
D
F
E
Fig. 3. (A): Anode temperature (Ta) versus state of charge (SoC), the new measure of battery internal temperature studied in this manuscript, uncovers an internal temperature
maximum at 61% SoC, across different charge rates from 0.25C to 1.87C. (B): Unsupervised piecewise-linear modeling (Equation (1)) of anode temperature rate of change versus SoC
over 4e40% SoC automatically detects transition points (black solid lines) corresponding with entry into Stages IVd and IV. (C): The same piecewise-linear model detects the rapid
ascent in anode temperature in the transition towards Stage I. (B) and (C): The areas shaded in red, green and blue, represent 100% empirical conﬁdence intervals of automatically
detected transitions in Ta that are centered at 8.98%, 20.28% and 85% SoC, matching closely with phase transitions in graphite at Stage IVd, Stage IV and Stage I. The area shaded in
purple, centered at 61% SoC, indicates 100% empirical conﬁdence intervals on the SoC at which Ta achieves its maximum, calculated by the zero crossing of dTa/dSoC. (D): In contrast,
traditional surface temperature (Ts) measurement across these same rates of charge fails to reﬂect the newly-demonstrated intermediate peak in battery internal temperature as
charging rates exceed 0.5C. (E) and (F): Unlike anode temperature results, piecewise linear ﬁts (black solid lines in E) of surface temperature rates of change with SoC detect
transition points (located within the dark gray shaded are in E) that do not speciﬁcally relate to known lithiation stages. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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and completes transition to AA in Stage I (100% SoC). In AA stacking,
the six-member carbonecarbon rings between the layers line along
the rotational axis. The enthalpy of graphite with AA staking is
higher by 0.27 kcal/mol than the enthalpy of graphite with AB
stacking [29]. The rearrangement therefore needs energy input into
graphite. If the energy needed for transition was obtained from the
anode, and if the transition started long before Stage I formation
was complete, then it would explain the observed decrease in the
anode temperature. Furthermore, the unoccupied graphite layers in
Stages IV, III and II are more compressed than those in normalgraphite, and they are pushed farther apart during the Stage II to
Stage I transition [36,37], possibly absorbing thermal energy and
decreasing the anode temperature. Even though the AB to AA stack
transition and structural changes may explain the drop in the
anode temperature, such a model does not take into account other
heat generating reactions that need to occur for the Stage I to go to
completion.
As lithiation goes past 80% SoC, the stoichiometry tends towards
LiC6, a phase that is energetically more favorable than the LiC12
phase found in Stage II (50% SoC) [29]. Neutron scattering shows
that the AA stacking allows an energetically favored
Fig. 4. As charging rates increase, the maximum temperature of the anode (shown in
purple) begins to deviate from the maximum temperature at the surface (shown in
green). The solid lines are ﬁts to the experimental data represented by ﬁve different
sets of symbols. Each set of symbol correspond to one of ﬁve different cells, at different
stages of cycle life, tested in this work. The sharp increase in Tamax with charge rate
contrasts with the much smaller increase in Tsmax. The contrast raises concerns about
the use of surface-temperature data for thermal safety. (For interpretation of the ref-
erences to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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with a partial covalent bond between Li and C [38]. These two
processes would release energy, and they are recorded in the
increasing temperature of the anode past 80% SoC.5. Conclusions
Results presented in this work highlight the intrinsic relation-
ship between the anode temperature (Ta) and phase transitions in
the graphitic anode of Li-ion cells. By measuring Ta using a previ-
ously established impedance technique [30e32], this work iden-
tiﬁes reproducible features in anode temperature versus state of
charge and their crystallographic basis during charging, spanning
various rates of charging and cycle lifetimes. Charging causes lith-
iation of graphite, transforming its lattice through ﬁve Stages that
are marked by sharp changes in anode entropy and anode resis-
tance [25e27]. Non-uniform amounts of thermal energy, punctu-
ated by sharp changes in dTa/dSoC at phase transitions into each
Stage, are released at the anode throughout charging due to the
entropy and resistance. Most reproducibly, Stage IVd at 10% SoC,
Stage IV at 21% SoC and Stage I around 85% SoC are marked by
segmented transitions in dTa/dSoC as identiﬁed by an unsupervised
piecewise-linear model describing dTa/dSoC as a function of SoC.
Unlike the transitions in Ta at Stages IVd and II, the ﬁnal transition
near 85% SoC marks the start of a rapid and sustained increase in
anode temperature.
In addition to expressing these phase-transition-related fea-
tures, the anode temperature also consistently achieves a
maximum near 61% SoC over a wide range of charging rates be-
tween 0.25C and 1.87C. Ta increases between 0% and 61% SoC at all
charging rates. As lithiation progresses past Stage II, Ta decreases
between 61% SoC and 85% SoC. It has been reported in fully lithiated
graphite (100% SoC) that the interlayer distances are greater than in
normal graphite, and that layers slide over to form the
energetically-favored AA stacking [29]. These post-Stage II changes
in the crystal lattice coincide with smaller thermal energy releaseby entropy and resistive heating than during the pre-Stage II lith-
iation [27]. We speculate that heat is absorbed by the enthalpy
changes associated with reorganizations in the stacking and work
associated with the increase in the interlayer distance in the
graphite lattice around 61% SoC. In addition, the concomitant drop
in resistive heat generation also contributes to the drop in the
anode temperature. Past 85%, Ta shows a sharp and sustained in-
crease as the lithiated graphite enters Stage I, presumably due to
release of energy due to the partial covalent bond formation along
the LieC6eLieC6eLi chain. The temperature increase could also be
caused by increased resistance to the incoming lithium into a
graphite lattice that is already ﬁlled with lithium to its near-full
capacity.
Our simultaneous cell-surface temperature measurements (Ts)
were not sufﬁcient to detect the SoC-dependent changes that we
observed in anode temperature (Ta). In our literature search, there
are no reports of correspondence between the surface temperature
(Ts) and Stage formations or the occurrence of a maximum in
temperature during charging. In our experiments, Ts also lags Ta by
hundreds of seconds (Fig. 11 in Ref. [30]) and underreports the
temperature inside the cell by more than 20 C, causing false sense
of thermal safety. These observations raise the possibility that
surface-mounted temperature sensors could be misleading in at-
tempts to ensure thermal safety of Li-ion cells at any rate of
charging.
In the near term, anode temperature Ta measurements could
make Li-ion cell charging both safer and faster. A Ta-enhanced SoC
estimation procedure could use the characteristic features in Ta to
constrain SoC estimates to the range of values where those features
were known to occur. A closed-loop charging proﬁle would incor-
porate Ta feedback on the cell state to minimize charging time
without overheating. For example, a basic dynamic charging proﬁle
would exploit the observation that dTa/dSoC is negative for SoC
greater than 61%. Based on cell voltage and Ta measurements, the
charging rate could be increased when SoC passes 61%, possibly up
to 2C rate provided the cell voltage remains within the prescribed
upper limit. Ultimately, a combination of Ta and cell voltage could
protect the cell from thermal runaway [39], improve state-of-
charge estimation and pave a reliable path to adaptive charging
proﬁles that safely reduce charging time.
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List of symbols
NIBIT: noninvasive battery internal temperature
C: capacity of a cell in units of ampere-hour (Ah)
CC: constant current
CV: constant voltage
SoC: state of charge
T: temperature in C
Ta: temperature of the anode
Tc: temperature of the cathode
Ts: temperature at the outer surface of the cell measured by a K-type thermocouple
mounted on the middle of the outer metal casing of the cell
dTa/dSoC: rate of change of anode temperature with SoC during charging
dTs/dSoC: rate of change of surface temperature with SoC during charging
Ta
max: maximum temperature recorded at the anode during charging
Ts
max: maximum temperature recorded at the surface during charging
